Within the t-J model, the optical and transport properties of the doped two-leg ladder antiferromagnet are studied based on the fermion-spin theory.
this large magnitude of the resistivity anisotropy reflects that the interladder mean free path is shorter than the interladder distance, and the carriers are tightly confined to the ladders, and also is the evidence of the incoherent transport in the interladder direction, therefore the common two-leg ladders in the ladder materials clearly dominate the most normal state properties. These ladder copper oxide materials also are natural extensions of the Cu-O chain compounds towards the CuO 2 sheet structures. Other two-leg ladder compounds have also been found [9, 4] , such as experiments suggest the realization of the two-leg ladder spin-one-half antiferromagnet in (VO) 2 P 2 O 7 . On the theoretical hand, the two-leg ladder antiferromagnet may therefore be regarded as realizations of the unique, coherent resonating valence bond spin liquid, which may play a crucial role in the superconductivity of the cuprate superconductors as emphasized by Anderson [10] . Therefore it is very important to investigate the normal state properties of the doped two-leg ladder system by a systematic approach since it may get deeper insights into the still not fully understood anomalous normal state of the cuprate superconductors.
Many researchers have argued successfully that the t-J model, acting on the Hilbert space with no doubly occupied site, provides a consistent description of the physical properties of the doped antiferromagnet [10, 11] . Within the t-J model, the normal state properties of the cuprate superconductors have been studied [2, 12, 13] , and the results show that the unusual normal state properties in the cuprate superconductors are caused by the strong electron correlation. Since the strong electron correlation is common for both cuprate superconductors and doped two-leg ladder antiferromagnet, then the unconventional normal state properties in the doped two-leg ladder antiferromagnet may be similar to these in the cuprate superconductors. In this paper, we study the optical and transport properties of the doped two-leg ladder antiferromagnet within the t-J model. Our results show that the low energy peak in the optical conductivity is located at a finite energy (ω ∼ 0.2t), while the resistivity exhibits a crossover from the high temperature metallic-like behavior to the low temperature insulating-like behavior.
The basic element of the two-leg ladder materials is the two-leg ladder, which is defined as two parallel chains of ions, with bonds among them such that the interchain coupling is comparable in strength to the couplings along the chains, while the coupling between the two chains that participates in this structure is through rungs [4] . In this case, the t-J model on the two-leg ladder is expressed as,
whereη = ±c 0 , c 0 is the lattice constant of the two-leg ladder lattice, which is set as the unit hereafter, i runs over all rungs, σ(=↑, ↓) and a(= 1, 2) are spin and leg indices, respectively, The two-leg ladder with c and a axes parallel to ladders and rungs, respectively, is sketched in Fig. 1 . In the materials of interest, the exchange coupling J along the legs is nearly the same as the exchange coupling J ⊥ across a rung, and similarly the hopping t along the legs is close to the rung hopping strength t ⊥ , therefore, in the following discussions, we will work with the isotropic system, J ⊥ = J = J, t ⊥ = t = t.
In the t-J model, the strong electron correlation is reflected by the local constraint. To incorporate this local constraint, the fermion-spin theory based on the charge-spin separation,
, has been proposed [14] , where the spinless fermion operator h ia keeps track of the charge (holon), while the pseudospin operator S ia keeps track of the spin (spinon), and then the local constraint can be treated properly in analytical calculations.
Within this fermion-spin representation, the low-energy behavior of the t-J model (1) can be rewritten as,
where properties of the doped cupares have been discussed [13] , and the results are consistent with the experiments [1, 2] . Following their discussions [13] , the optical conductivity of the doped two-leg ladder antiferromagnet can be expressed as,
with Π (h) (ω) is the holon current-current correlation function, which are defined as,
, where τ and τ ′ are the imaginary times, and T τ is the τ order operator. Within the t-J Hamiltonian (2), the current densities of holons is obtained by the time derivation of the polarization operator using Heisenberg's equation of motion as,
, where R 1i and R 2i are lattice sites of the leg 1 and leg 2, respectively, the spinon correlation functions χ = S
, and e is the electronic charge, which is set as the unit hereafter. This holon current-current correlation function can be calculated in terms of the holon Green's function g(k, ω). However, in the two-leg ladder system, because there are two coupled t-J chains, then the energy spectrum has two branches. In this case, the one-particle holon Green's function is the matrix, and can be expressed as
where the longitudinal and transverse parts are defined as g
, respectively. Then after a straightforward calculation [13] , we obtain the optical conductivity of the doped two-leg ladder antiferromagnet as,
with the longitudinal and transverse parts are given by,
respectively, where L is the number of rungs, n F (ω) is the fermion distribution function, and the longitudinal and transverse holon spectral function A (h)
with the longitudinal and
k ), where ν = 1, 2, while the longitudinal and transverse secondorder holon self-energy from the spinon pair bubble are obtained by the loop expansion to the second-order [13] as,
respectively, with Ξ νν ′ ν ′′ (k, p, q, ω) is given by,
where γ k = cosk, λ = 4J eff , ǫ = 1 + 2tφ /J eff , ǫ ⊥ = 1 + 4tφ ⊥ /J ⊥eff , and
k ) is the boson distribution functions, the MF holon excitations ξ
ν+1 , and the MF spinon excitations,
with the spinon correlation functions χ
. In order not to violate the sum rule of the correlation function S + ai S − ai = 1/2 in the case without AFLRO, the important decoupling parameter α has been introduced in the mean-field calculation, which can be regarded as the vertex correction [15] . All the above mean-field order parameters have been determined by the self-consistent calculation [15] . Now we discuss the optical and transport properties of the doped two-leg ladder antiferromagnet. The optical conductivity of the doped Mott insulator in principle consists of three different pieces: (1) the Drude absorption, (2) absorption across the Mott-Hubbard gap which rapidly decreases in intensity upon doping, and (3) an absorption continuum within the gap, which reflects the strong coupling between charge carriers and spin excitations. In From Fig. 2 , we find the optical conductivity consists of two bands separated at ω ∼ 0.5t, the higher-energy band, corresponding to the midinfrared band, shows a weak peak at ω ∼ 0.8t, unlike a Drude peak which dominates in the conductivity spectrum of the doped cuprate superconductors, the lower-energy peak in the present ladder systems is located at a finite energy ω ∼ 0.2t, while the extremely small continuum absorption is consistent with the notion of the charge-spin separation. These behaviors are in agreement with the experimental results of the doped two-leg ladder antiferromagnet [5, 6] . In the above calculations, we also find that the optical conductivity σ c (ω) of the doped two-leg ladder antiferromagnet is essentially determined by its longitudinal part σ (L) c (ω), this is why in the present ladder systems the midinfrared band is much weaker than the low energy band, and conductivity spectrum appears to reflect the one-dimensional nature of the electronic state [16] . This conductivity of the doped twoleg ladder antiferromagnet has been discussed by Kim [17] In summary, we have studied the optical and transport properties of the doped two-leg ladder antiferromagnet within the t-J model. Our result shows the optical and transport properties of the doped two-leg ladder antiferromagnet are mainly governed by the charged holon scattering. The low energy peak in the optical conductivity is located at a finite energy, while the resistivity exhibits a crossover from the high temperature metallic-like behavior to the low temperature insulating-like behavior, in agreement with the experiments.
Finally, we emphasize that in the above discussions, only the results of the doped isotropic two-leg ladder system are presented. However, we [18] have also studied the physical properties of the anisotropic system, i.e., J ⊥ < J and t ⊥ < t . In this case, the interference effects between two legs are decreased with decreasing the values of J ⊥ /J and t ⊥ /t , this leads to that the low-energy peak of the conductivity is located at ω ∼ 0 instead of a finite energy for the isotropic system. On the other hand, it has been shown that the interleg single-electron hopping changes the asymptotic behavior of the interleg spin-spin correlation functions, but their exponents are independent of the interleg coupling strength [19] . We believe that the evolution of the incommensurate magnetic fluctuations with dopings in the doped square lattice antiferromagnet [20] will also occur in the doped two-leg antiferromagnet, and the related theoretical results will be presented elsewhere. 
